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INTRODUCTION 
In 1961 Loeb and Zinder (19) isolated a bacteriophage that con-
tained ribonucleic acid (RNA) as its genetic material. This was a 
significant biological find, since previous to this time only deoxy-
ribonucleic acid (DNA) bacteriophages had been isolated and charac-
terized. 
Aside from the unique feature of containing RNA for genetic 
material, the E. coli RNA phages had a second feature which, before 
1961, had not been described. The~. coli RNA bacteriophages were 
found to infect only cultures containing Hfr and y+ genetic donor 
cells (8). Thus, they exhibited strain specificity. 
Electron micrographs by Crawford and Gestland (9) helped to ex-
plain how Hfr and y+ cells were infected by RNA bacteriophage R17. 
This phage had an affinity for the sex pili of E. coli donor cells, 
but no apparent affinity for the pili of nondonor cells. In conjugat-
ing mixtures of Hfr and F- cells, the phage were laterally alined 
along the F pilus of only one of the mating partners. The F pilus is 
under the genetic control of the F episome in~. coli donor strains (8). 
In 1963 Feary, Fisher and Fisher (14) isolated an RNA bacterio-
phage, 7s, from a multilysogenic strain of Pseudomonas aeruginosa strain 
7. Bacteriophage 7s was found in the supernatent of overnight broth 
cultures of Pseudomonas 'aeruginosa strain 7. This implied that phage 
7s was associated with strain 7 in a lysogenic state. Further evidence 
for some type of a carrier state was provided by the immunity of 
Pseudomonas aeruginosa strain 7 to phage 7s infection. Also, phage 7s 
was associatea with strain 7 in two year old lyophilized preparations. 
2 
Several strains of Pseudomonas aeruginosa were sensitive to 
phage 7s with strain 1 being the most sensitive. Pseudomonas aeruginosa 
strain 1 also supported the production of RNA bacteriophage PP7, which 
was isolated from sewage. The two phages'were shown by Bradley (3) to 
be related serologically by their cross sensitivity to the two res-
pective antisera. 
Electron micrographs (3,18) show that in the infection of 
Pseudomonas aeruginosa, the bacteriophages PP7 and 7s also use the 
pilus as an attachment organelle. In this case the attachment appears 
to occur only on the polar pili. 
If the host-phage complex of Pseudomonas aeruginosa strain 1 and 
phage PP7 were similar to the E. coli system, one would expect PP7 and 
7s to be donor specific. But Bradley (3) found that phage PP7 was-
equally infective for both pp+ donor and FP- nondonor cells of 
Pseudomonas aeruginosa. 
The RNA bacteriophage study presented in this thesis is concerned 
with the requirement for a divalent cation for infection, since virus 
infection generally requires a divalent cation, either for adsorption 
onto the host cell or for injection of nucleic acid into the host cell. 
The adsorption of virus to cell was investigated by Puck and 
Garen (25). Their data were obtained from adsorption experiments with 
mono and divalent ions. 
The DNA bacteriophage T l' would -not· adsorb to hos t E. coli when 
distilled water was the adsorption medium. There'-was adsorption when 
the phage-host mixture was put into a buffered solution containing 
either Na+, ~, Li+, NH4+' Ca++, Ni++ or.Mn++. Divalent ions were 
more efficient for adsorption in those cases where monovalent ions 
supported adsorption. Puck and .Garen speculated that two monovalent 
i9ns were utilized in place of" one divalent ion. They ,hypothesized 
that the cations were us'ed to bring the negatively charged surfaces of 
cell and virus together for an electrostatic attachment. At high ion 
concentrations there was an inllibition of adsorpt~on. This inhibition 
was explained as a repulsion of charges when the .':ionic s.trength was 
3 
sufficient to bind to both, surfaces. ,.At lower ionic strengths the ions 
would bind to only one surface for an electrostatic attachment of 
negatively and positively~charged surf~ces. 
The hypothesis of Puck and Garen was found;to agree with data 
presented by Danziger and P aranchych (Ii) for RNA. bacteriophage Ri7. 
Complexes of free E. coli pilL and Ri7 phage did ~not form in the pre- -
sence of only tris buffer.' However. free, pi~i7pnage complexes were 
formed in the presence of tris buffer with one of the monovalent ions 
x+, Na+ or NH4+ or one of the aivalent ions Mg++, Ca++, Ni++ or Mn++. 
, . 
When the'r adsorption of phage Ri7 to' ,free pi~i W<i!?, plqt ted agains t the 
ioni.c strength of mono and divaten:t io~s, i~ 'was",found, that with in-
creasing ionic strength there was increasing ad?orption to a maximum 
ionic strength of 0.1. " 
Valentine (28) presented a hypothesis for the extracellular stages 
of infection by RNA ba~teriophages, using .. phage:Q ;as a model. These 
stages were: adsorption to pili, discussed abo,ve" inj ection, transport 
and Penetration of RNA. 
Loeb and Zinder found that a culture of, E. '. coli did not become 
.A 
infected with phage f2 if small quanttties of RNase was added to the, 
4 
medium at the time of infection. 
The conditions of this'RNase sensitivity in the presence of E. 
coli has been a subject for extracellular infection studies. When free 
E. ~ pili were mixed with ~hage f2 to form a pili-phage complex the 
viability of the phage w~ not affected by the addition of RNase. Also, 
there waS no effect on'free phage in the presenc~ of RNAase. 
, ' . 
The only known case where infective phage f2 was included in a 
preparation of piliated E •. coli cells and where 'no RNAase sensitivity 
- --" ,; 
was observed, was when, the mixture. was held at a temperature of 0 C. 
'When the temperatureof.,E. coli-phage f2 complex"was raised to 37 C, 
- -- , 
the phage became RNAase sensitive in 1.5 minutes (28). 'This RNAase 
sensitivity of phage f2 'required that the F-pili ~e atta::::hed to the cells 
in a 37 C environment, for' the stage Valentine terpled the .. injection stage. 
Such propert~es of the ~njecti:0n stage hol~, only, for !. coli RNA 
bacteriophages since phage 7s of Pseudomonas aeruginosa is RNAase 
sensitive at all times, even whE?n not #-n ,the presence of the cell (14). 
Paranchych (24) discusses the RNAase s;ensitive stage in terms of 
eclipsing of phage infectivity_ During this' five minute,eclipse period 
the RNA of phage RP remains .. associated with, the cell as the phage 
capsid is desorbed into ,the medium. This eclipsing process like the 
RNAase sensitivity is temperature dependent. The dependency of eclip-
sing on temperature suggest that ,this is a:n 'energy requiring stage. 
An indirect method of noting ~nergy r.::quir~ments of the RNA 
J 
phage eclipse stage would be to inhibit the energy production of the 
host cell. This was accomplished (10) when,E. coli was placed in an 
anaerobic situation in order 'to inlii?it the ,oxidation of pyruvate and 
therefore energy production.· Cells were infected with bacteriophage 
Rl7 under anaerobic conditions. The assay for Rl? provided evidence 
that there was a 72% reduction in plaque forwing units (PFU) which was 
considered the result of a "reduction of av~ilable<cellular energy 
(10) • 
A more direct approach .to study. energy needs. for 'eclipsing was 
done by measuring an actual change in 'the level of ATP during infection 
, 
(24). A decrease in 32p labeled ATP began immediately after infection 
and lasted five minutes, an {nterval which coincided with-the time 
period of the eclipse stage. An interesti~g aspe~t 'of thi:;; study WB.S 
the effect of phage concentration "on the utilization of ATP. When 
low levels of phage mUltiplicities were' used, ~here was very little 
. 
decrease in the ATP levels. The loss of ATP with·low phage multipli-
city was quickly res tored to it$ preinfec:tion level. When higher 
,. 
phage to cell ,ratios were used' 'there was a larger reduction oi.ATP 
levels. With this larger reduct~on of ~TP there was little restora-
5 
tion to preinfection levels~ This proportional pattern of ATP reduction 
" . 
with the mUltiplicity of infection was seen even above the maximum 
level of phage penetration. 
, . 
From the above data, it appeared; that the five minute interval 
of RNA phage infection was detected by observing sensitivity to RNAase, 
temperature dependence and the necess'i ty for cellular energy. 
In this five minute period the coat was sep,arated from the ribo-
nucleic acid after which the coat was eluted into the medium. Following 
coat elution, viral RNA and the ".A/' protein (one of 3 proteins coded 
for by the phage genome) 'remained attached to the pilus. The "A" protein 
6 
was cleaved into three components (16) 'before phage RNA penetrated the 
cell. Two of the three cleavage products entered the cell with the ribo-
nucleic acid~ 
The third stage of Valentine's hypothesis of extracellular infec-
tion concerned transport of ribonucleic acid through the lumen of the 
pilus. Evidence to support the Conduction Theory was given from ex-
perimental data using RNA bacteriophage f2 and DNA bacteriophage fl. 
Phage £2 adsorbed to the side of the E. coli F ,p;lus, whereas f1 fila-
." .) 
mentous DNA bacteriophage adsorbed to the, tip of the pilus (27). In an 
E. coli culture infected with both the RNA phag~ f2 and 32p labeled 
DNA phage f1, only the unlabeled phage f2 produced infective centers. 
Both RNA and DNA phages adsorbed to the pilus therefore the reason that 
DNA phage d~d not infect was not due to its inability to adsorb. This 
evidence was interpreted to mean that the lu.men of the pili was 
blocked to the DNA of bacteriophage fl. 
The hypothesis of a retractable pilus was proposed as the second 
model of nucleic acid transport. The Retraction Model suggested that 
on contact with a bacteriophage, the pilus wouid retract, as a result 
of being depolymerized by a mechanism at. its base (21). 
Details of this model were extended by' Bradley (4) who suggested 
that after adsorption perhaps the viral RNAJa~ ejected onto the pilus. 
The adsorpti.on of phage onto the pilus ,was thought to be a signal for 
depolymerization to begin. According' to the' model penetration of RNA 
into the cell was accomplished as depolymerization continued to take 
place at the base of the pilus. 
Bradley suggested (5) that. retraction of the pilus stimulated 
7 
production of new pili growth. Electron micrographs of uninfected 
Pseudomonas aeruginosa strain lC cells were compared with cells in-
fected with phage PP7. In total numbers of pola~ pili present in the 
system, the infected cells contained more pili'than the uninfected 
cells. Correspondingly there was a 40-50% decrease in the length of 
the RNA phage labeled pi~i. This shorter length ,of RNA phage labeled 
pili was taken as evidence to support the Retraction Theory. 
A reduction of pili length was observed also on electron micro-
" " ", 
graphs of bacteriophage R17 infected' cells/, Following the Conduction 
Model, Paranchych (24) predicted that the shortening of pili was due to 
fragmentation. To determine if pili were fragmented at the time of in-
fection, phage attachment ability of the supernatant fluid was measured. 
Following infection there was. an increase ~f l4Clabeled phage attached 
to free pili in supernatant fluid preparations. 
Pen,etration of RNA into the host cell was considered the last 
st.age in the extracellular infection process as proposed by Valentine. 
Paranchych (22) has shown by the One Step Intracellular growth 
curve and by a 100 min infection experiment that divalent cations were 
required for phage R17 infection of ~. coli. Infection by R17 was con-
ducted in the absence of a divalent cation or with various concentra-
tions of cations. He found a loss of plaque forming units (PFU) in the 
. , ++ 
absence of divalent cations and in the presence of Mn++, Zn++, Ni and 
eo++. There was a significant rise in phage .,titer in the presence of 
Mg++ t Ca++, Sr++ or Ba++. Another phage, adsorpt~on experiment was 
carried out with 32p labeled phage R17 with and without magnesium. Two 
five ml aliquots were withdrawn at various times; one aliquot was washed 
8 
repeatedly. The bacteri.al pellets from both samples were assayed for 
radioactivity. Radioactive phage were associated with the bacteria of 
the unwashed sample in the presence and absence of magnesium. The 
washed sample had rad~oactive phage associated with the bacterial cell 
only in the presence of .magnesium. Paranchych concluded that Mg++, 
Ca++, :sa+!- and Sr++ were used by. phage R17 for cell penetration. 
The actual function of divalent cations in penetration r.emains a 
mystery. Therefore, one can onl~ speculate on the need of cations. One 
concept is that an enzyme may facilitate penetration or it may be used 
in the depolymerization process, where divalent cations serve as co-
factors. 
Valentine hypothesized that the'role of the divalent cations was 
to serve as an electrostatic force in the separation of RNA and capsid. 
However, Paranchych (22) demonstrated that separation of RNA from cap-
." 
sid took place before there was a divalent cation requi!ement; there-
fore it seemed probable that the function of divalent cations was to 
provide structural integrity of either the RNA or the pilus. Cations 
may be needed to stabilize infecting RNA in a conformation appropriate 
for penetration. 
Finally, another hypothesis concerning the function of divalent 
cations in phage penetration, is that cations may' change cell perme-
ability. A change in permeability may make the cell more competent for 
:RNA penetration. Divalent cations are known to make bacterial cells 
more permeable to free phage DNA (20) but this capacity has not been 
shown for free phage RNA. The permeabili ty of E,. coli to free DNA, is 
aided by the addition of calcium !n these systems. Up to this time a 
requirement for a specific divalent cation has not been shaml for 
bacteriophage 7s infection of Pseudomonas aeruginosa. Therefore, the 
experimental problem presented in this thesis is to show whether or 
9 
not divalent cations such as magnesium, calcium, manganese and zinc 
enhance infection of Pseudomonas aeruginosa by the RNA bacteriophage 7s. 
MATERIALS 'AND METHODS 
'" 
.. 
Bacteria and Bacteriophage 
Pseudomonas aeruginosa strain Ie (hereafter known-as PSle) and 
, 
RNA bacteriophage 7s" were obtained from the coll~ction of Dr. Earl 
Fisher, Jr. ,The bacterium PSlC'was stored, a:~ .li C on Nutrient Broth 
Yeast Extract Agar (NBYE) plates and the phage7~, was st·ored at 4 C in 
0.85% saline. 
Media 
NBYE liquid growth medium: Difco Yeast Extract in a concentra-
tion of 5 g per liter was added 'to nutrient broth for ,growth of the 
organism. 
NBYE Agar Plates: - A solid. medium essential for ph.age assays co~-
sis ted of NBYE liquid medium containing 15 g/liter Dif~o Bacto-Agar. 
Plates were prepared to contain approx~mately 25 ml of NBYE Agar medium 
per plate. 
Soft Agar 'Tubes: Soft agar, consisting of 0.9% agar dispensed in 
, , 
4 m1 volumes was employed in the phage assay procedure. 
, .'
F Medium (15): This medium contained Sodium Lactate 60% 
(Pfanstiekl Laboratories, Inc.) 16 ml,NH4Cl Ig, K2HOP 4 0," 7 g, KH2P04 
0.3 g, N.a2S04 0.1 g, MgS04·7H20 0.1, g, per liter of dist,illed water. 
All of the above salts were of analytic?l reagent grade', 
" . - . ~ 
F Medium (Mg free): This medium was 'identical with the complete 
F Medium, except magnesium salts are not added. 
Chemicals 
. 
, Analytical reagent grade salts (ZnS04"7H20, MnS04 'H20, 
CaC12.2H20, MgS04·7H20) were prepared and sterilized in the following 
concentration, 1 M, 0.1 M and 0.01 M. 
Eguipment 
The Klett Summerson Photoelectric Colorimeter, Mo~el 800-3, and 
number 42 and 66 filters were used for turbidmetric studies. The 
Sorvall Superspeed RC2-B and Beckman Model L2-65B Ultracentrifuge 
were required for sedimenting samples. 
Assay 
Bacterioph~ge assays were carried out by the Soft Agar Overlay 
Method as described by Adams (1). The bottom layer Soft Agar Overlay 
was used also for Pseudomonas aeruginosa viable cell counts. 
7s Bacteriophage Stock Preparations 
Bacteriophage 75 was plated on a lawn ofPS1C. .Single plaques 
were picked and suspended in 1 m1 NBYE each. Exponentially growing 
cultures of PS1C were infected with the picked plaque suspensions, 
after which they were aerated at 37 C for 18 hr. Suspensions were 
treated with 0.1 ml chloroform to lyse infected cells. 
11 
Partial purification of the phage lysate was obtained by dif-
feriential centrifugation. Cellular debris was sedimented at 4,340 g 
for 20 min. The supernatant fluid was centrifuged at 70,000 g for 120 
min; pellets were resuspended in 10 ml of 0.85% saline and centrifuga-
tion cycles were repeated. Final pellets were r~suspended in 10 ml of 
0.85% saline for use as phage stock. The titer as assayed was 
1. 7 x 1010 phage/ml. 
12 
Viable Cell Counts of Pseudomonas aeruginosa strain 1C: 
Two erlenmeyer flasks. one with 100 ml of complete F Medium and 
the second with 100 ml of magnesium free F Medium, were each inoculated 
with 1 ml of a starter culture of the bacterium PS1C. Starter cultures 
were grown with and without magnesium for each respective test. Hourly 
samples containing 6 ml were withdraw-n from the flask. Turbidmetric 
readings of 5 ml aliquots of PS1C cultures were taken using the Klett 
#66 filter. One ml of culture was placed in a dilution tube containing 
cold NBYE after which serial dilutions were carried out. Appropriate 
dilutions were assayed for viable counts by the Soft Agar Overlay 
Method. 
Bacteriophage 7s Production Using Divalent Cations 
In preparation of experimental test tubes, .. size 18 x 150 mm, 
appropriate concentrations of salts were added sterilely to each tube 
containing 10 ml magnesium free F Medium. 
Experimental tubes were infected with 0.8 ml of a PS1C starter 
culture grown approximately 3 hr in the absence of magnesium. The 
inoculum was held at. 37 C with aeration for 2 hr or until growth had 
reached about 1 to 2x10 7 viable counts/ml as determined by a standard 
of viable counts and Klett #66 filter readings. At this time bacterium 
PS1C was infected with phage 7s, at a multiplicity of 1 phage infec-
tious unit per bacterium. After an 18 hr .infection interval, where 
cultures were held at 37 C under aerated conditions, infected cells 
were lysed with chloroform. Lysed cells and phage preparations were 
centrifuged at 4,340 g for 20 min and phage lysates were assayed for 
13 
plaque forming units. 
One Step Growth 
Ten ml preparation of complete F Medium were inoculated with 1 ml 
of starter cultures of PSIC grown in'F Medium containing magnesium. 
Inoculated cultures,were returned' to ,an ae~ated 37 C environments until 
there was a turbidity reading of 10 as measured u~ing the Klett filter 
#66. At this time cultures were divided into altquots, of 2 ml each and 
, 
centri,fuged 20 min at 4,340 g. Cells were resus~ended' in 2 ml of 
magnesium free F Medium. This procedure was repeated twice for washing 
" ' 
purposes. Final-pellets'were resuspended in 2 mi of prewarmed F 
Medium (Mg free),or F Medium w.i.th l~mM MgS04, ,CaC12, MnS04 or ZnS04, 
respectively. These tubes were held in a 37 C w~ter bath for a 5 min 
. , 
adsorption period, as in the Fowler and" Cohen' (l?) procedure. 
Tubes 1 through 5 were centrifuged at 4,340 g for 20 min in 
order to separate the'bact~rium-phage complex' from unadsorbed phage. 
Supernatant fluids containi,ng unadsorbed ,phage'''w~re held in ice for 
phage assay procedures 'conducted later ~ Infected bacterial pellets 
were resuspended in the same pre~armed ,media as 'that contained in the 
adsorption tubes. After 5 more minu~~s at 37 C serial dilutions were 
made of bacterium-phage preparations in NBYE. ~laque forming uni ts 
>' ",<-
(PFU) were assayed from tubes 1 through 5, by pl~ting 0.1 ml samples 
",.' ... 
with a lawn of PSIC, by the Soft Agar Overlay Method. Assays were 
carried out at 10 minute 'intervals 'for '60 min. This routine was fo1-
lowed by an ~O min and a 120 min-assay .for phage 7s. 
. " 
One Step Growth Curve Variations 
#1. The procedure as detailed above was followed except, starter 
cultures were grown without magnesium. 
#2. The procedure was the same as described above since the 
starter culture was grown in the presence" of magnesium, however, the 
difference was that cells were grown to a higher density (approxi-
mately 5x1Q8 cells/ml) than mentioned earlier and centrifugation was 
carried out at 3,020 g for 10 min. 
Stability of Phage 7s in Divalent Cations 
Free phage 7s preparations were incubated at 37 C in magnesium 
free F Medium in the presence of the appropriate divalent cation at a 
concentration of 1 mM. Bacteriophage suspensions were diluted and 
assayed at time zero,' 1 hr, 3 hr and 18 hr by the Soft Agar Overlay 
Method, using Pseudomonas aeruginosa as the bacterial lawn. 
RESULTS 
Pseudomonas aeruginosa strain Ie Viable Counts 
A minimal medium for growth was desired since the effect of di-
valent cations could be detected more easily. Viable counts of Pseudo-
monas aeruginosa strain IC 'l';1ere assayed after growth in F media with 
(4xlO-4 M) and without MgS04' Viable counts (Fig. 1) from cultures 
grown in the absence of magnesium were very low indicating there was 
little cell growth. 
Bacteriophage 7s Production in the Presence of Various Concentrations 
of Divalent Cations 
Magnesium and calcium were shown to enhance bacteriophage 7s 
titers over that of input phage in,oculum of 1.7xlO 7 particles/ml. 
Lysates of cultures containing manganese indicated a decrease in plaque 
forming units (PFU). While those grown in the presence of zinc ap-
peared to remain constant. It was not possible to tell if the titers 
shown in Table I were from the effects of the cations or from an in-
direct result of magnesium starvation of the host cell. 
The effect of various concentrations of magnesium ions on phage 
7s infection of Pseudomonas aeruginosa are shown in Figure 2. The 
optimum ma·gnesium concentration for this system is 1 roM magnesium. The 
possibility that the results plotted in Figure 2. are due to cellular 
effects has not been investigated. 
Since magnesium was found to be beneficial for growth of 
pseudomonas and to enhance 7s phage infection, magnesium was used in 
combination with calcium, manganese and zinc (Table II) to determine 
related effects on viral multiplication. The concentration of 
1 2 3 
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o 
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.., . 
o 
5 
T.IME (HRS)-
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Figure 1. Viable count of PS'eudomonas aeruginosa 'strain le 
in complete F Medium (0-' -0) and F Medium- magnesium free 
(0----0) • 
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Cations 1 roM 
" No cations 
Mg 
" Ca ' 
Mn 
Zn ' .. 
.j 
TABLE I 
BACTERIOPHAGE 7s PRODUCTION IN THE PRESENCE OF 
1 roM CONCENTRATIONS OF DIVALENT CATIONS 
, . 
<' 
PFU/ml @ 18 hr. 
1.2x106 
2.8xlO ll 
2.2xlO 8 
5.4xlO5 
4.6xlO'7 ' 
,Ten, ml aliquots of F Medium (Mg free) each containing 1 roM of a different divalent cation, were, 
inoculated w.it~" Pseudomonasaetuginosa. ~Jr~~n I.C ~t,~rt~!;, cu~t.ur~ gro!HP. app:rO,xi~~tely 3 hr. with'o~t.. " 
magnes:J.um. After two hr ~rowth under aeration at 37 C pse~domonas cultures (l-2xlO 7 cells/ml) ~ere in- ' 
fect;ed'with ,bacte'riophage 7s, at" a multiplicity of one. 
, " 
After 18 hr, cells were lysed with chloroform 
, , 
I, 
and centrifuged. Assays for free 'phage were made. 
~~~,. 
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Figure 2. e Bacteriophage 7s production in the presence of 
magnesium concentrations. Ten n'll aliquots of F Medium (Mg 
free) each containing a different magnesium concentration, 
18 
were inoculated with Pseudomonas aeruginosa starter culture 
grown in media without magnesium. At 2 hr growth under 
aeration at 37°C. Pseudomonas was infected w~th bacteriophage 
7s. at a multiplicity of 1 (l.7xl0 7 PFU/ml). After 18 hr, cells 
were lysed with chloroform and centrifuged. Assays for free 
phage were made. 
.. 
No Cation 
. [Ca] 
lxlO-4M 
1x10-3M 
[Mn] 
8xlO-4M 
lx10-JM 
4xlO-3M 
[Zn] 
lx10-3M 
Ten m1 aliquots 
TABLE II 
PRODUCTION OF PHAGE 78: A SYSTEM CONTAINING 0.1 roM 
MAGNESIUM AND VARIOUS CONCENTRATIONS 
OF A SECOND CATION 
CATION ADDITION 
[Mg] 
lxlO-~ 
lxlO-4M 
[Mg] 
lxlO-4M 
lxlO-4M I 
[Mg] 
lxlO=~M 
1xlO M 
lxlO-4M 
[Mg] 
1xlO-4M 
PFU/ml 
1.2xlOS 
2.8xlO ll 
3.7x106 
4.9xlO lO 
1. 6xlO ll 
2.0x108 
6.3x106 
of F Medium with 0.1 mM magnesium, and with various concentrations of a second 
divalent cation, were inoculated with Pseudomonas aeruginosa starter culture grown without magnesium. At 
2 hrs with phage 7s at a multiplicity of one (1.7xl0 7 PFU/ml). After 18 hrs, cells were lysed with 
chloroform and centrifuged. Assays for free phage were made. 
magnesium, 0.1 roM, was used because this concentration (as shown in 
Figure 2) was not sufficient to cause an increase in viral multipli-
cation above the input number of phage 7s. When the addition of 0.1 
20 
mM magnesium Was included in appropriate growth fluids of calcium or 
manganese, an optimum viral titer was reached. The complementation 
seen in the calcium and manganese cultures appeared not to be due to 
ionic strength. If the ionic strength were the important factor in 
phage 7s infection there would have been an additive. effect regardless' 
of which combination of ions were used. The zinc-magnesium lysate, 
indicated a titer that might have been expected in the presence of only 
0.1 roM magnesium. 
One Step Growth Curve 
Previous experiments concerning phage 7s infection of bacterium 
. Pseudomonas aeruginosa strain Ie indicated an enhancement of viral titer 
without a burst (Figure 3) .was unexpected. In· this study calcium was 
the only cation used which permitted a significant increase in phage 
76 titer. Plaque forming units as assayed from cultures containing 
manganese showed .a small increase which was not sufficient to be con-
sidered progeny. 
The wide variation of initial phage titer in Figure 3 can not be 
explained. Each experimental tube contained the same number of bacteria, 
because the beginning culture was divided into equal aliquots. The 
variation between phage titer and divalent cation was consistent for 
several experiments, therefore the variation may be inherent in the 
phage-divalent cation relatio~ship, or there may be a difference in 
21 
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Figure 3. One Step Growth Experiment with Pseudomonas aeruginosa 
strain IC. Starter cultures were grown in the presence of magnesium. 
Bacterial cultures were groWn to 7 x 107 cells{ml. A 5 minute adsorp-
tion interval for phage 7s was followed. Infected cells were separated 
by centrifugation at 4,340 g 'for 20 min. A multiplicity of 2 phage 
particles per cell was used throughout. Divalent ion concentrations 
were ImM. F (Mg free). I-I; MgS04, 1---1; CaCI2. ~O; MnS04. X-X; 
ZnS04~ h.-h.. 
( 
1 
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background level with -different cations. 
In the One Step Growth Experiment, divalent cations were added to 
appropriate systems at the time of phage 7s "in£ec_tion. Divalent cations 
were added to culture med-ia for -18 hr- phage pr,oduction studies approxi-
.. .~ . . 
ma~ely 2 hr before bacteriophage 7s_ in!ectio~.' ~herefore an 18 hr 
experiment was conducted with the addition of-l roM concentrations of 
, --
magnesium and manganese to ~ll preparation~ at the time'of phage in-
- -
fection. Data recorded_ in Table-III 'indicated that the time of addition 
of magnesium and mangan~se-had l~ttle effec:.t on_the final titer; so a 
second One Step Growth Experiment was conducted. 
The cells were grown wi;hout magnesium for the Figure 4 One Step 
Growth Curve. There was a loss of titer when the adsorption was con-
duc,ted in the presence of calcium, magnesium, zinc and in the, adsorption 
complex without a divalent cation., ,A loss of titer was not observed in 
the presence of manganese. This condition ma~ be due to phage 7s 
being more stable in the presence of 'manganese. 
An experiment was- carried out to determine the stability of free 
phage in F Medium at 37 'c (Figure 5). The data indicated that the 
stability of phage 7s in F Meaium,with various divalent -cations did not 
" . 
account for the results observed ~ccording to the ,One Step Growth Curve 
, , 
M.ethod.During the first hour of incubation at 37 C, free phage in-
ctibated in the presence of manganese-w~~ less stable than that held in 
the presence of ,either magnesium or calcium. 
Several methods were tri~d in order to attempt to increase the 
efficiency of the One Step Growth ,Curve. Cells were separated from the 
growth £luids by filtration through a, 0.45, jJm inillipore filter. Cell 
1 mM Cation 
[Mg] 
[Mn] , 
TABLE III 
PRODUCTION OF PHAGE 78 WITH ADDITION OF 1 mM 
CATIONS AT INFECTION TIME 
PFU/ml @ 18 Hours 
2.9xlO lO 
9.0x105 
Ten ml aliquots ,of F Medium (Mg free) were inoculated with Pseudomonas aeruginosa strain. IC starter 
cultures grown without magnesium. At 2 hrs.of growth with aeration at 37 C, 1 mM magnesium or manganese 
:v-asadded to PSIC cultures, and then infected with phage 7s at a multipli~ity of 1 (1. 7x107 PFU/ml). After 
18 hrs, cells were lysed with chloroform and centrifuged. Assays for free phage were made. 
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TIME (Min) 
Figure 4. One Step Growth Experiment with Pseudomonas aeruginosa strain 
lC. Starter cultures were grown without·magnesium. Bacterial cultures 
were grown to 2.5xl0 7 cells/mI. A 5 minute adsorption interval for 
phage 7s was followed. Infected cells were separated py centrifugation 
at 4.340 g for 20 min. A multiplicity of 2 phage particles per cell was 
used throughout. Di valent ion concentrations were ImM. F (Mg free). 
e-e; MgS04, e---e; CaCI2. 0--0; MnS04, X-X; ZnS04, A-A. 
% PFU REMAINING 
9 
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, 
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Figur~ 5. Stability of Free Bacteriophage7s in F Medium Containing 
Various Concentrations of Divalent Cations. Twoml aliquots of free 
bacter bacteriophage 7s were incubated, in F Medium with ImM divalent 
cations, in a 37°C water bath. Assays for free phage were made at 
various time intervals. F Medium (Mg free), I-I; MgS04, 1---1; 
CaCl2' O-D; MnS04, X-X; ZnS04, 6-6. 
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numbers, when assayed for viable counts before and after filtration, 
indicated a cell loss" of 50 to 70%. 
Infected cells were separated ~rom unadsorbed phage by filtration 
through a 0.45 ~m millipore filter •. Occasionally, this method gave 
higher burst sizes than was realized when centrifugation at 4,340 g was 
used according to the One Step Growth Curve Experiment. The dilution 
method for unadsorbed phage separation was us~d"' also, and a loss of in-
fected cells was observed, presumably due to reversible attachment. 
It was found that the most effi~ient procedure.for this parti-
cular system required centrifugation at 3,020 g for 10 min although a 
cell loss of 7 to 10% was observed consistently. In order for adsorp-
tion to follow a first-order reaction an excess of bacteria was re-
quired. Therefore to obtain. a more efficient One' Step Growth Experi-
ment it was necessary to use larger bacterial cell nUmbers. 
The system used, for the final One St;epGrbwth Experiment was one 
which provided an increase in bacterial cell numbers up to approxi-
mately 5xl08 cells/ml. For separation of cells from the infected cells, 
centrifugation at 3,020 g for 10 min was used. 
Data reported in Figur~ 6 indicated that magnesium as well as 
-calcium satisfied the divalent cation requirement for infection of 
Pseudomonas aeruginosa strain 1C by bacte,riophage 7s.· Calcium gave a 
significantly larger burst size and therefore appeared to be more effi-
cient for infection than magnesium. 
27 
Figure 6. One Step Growth Experiment with Pseudomonas aeruginosa 
strain IC. The bacterial culture was grown in the presence of magnesium 
to a concen~ration of approximately 5xl08 cells/mI. Phage 7s was ad-
sorbed 5 min at a multiplicity of 0.4 phage particles per cell. In-
fected cells were separated by centrifugation at 3,020 g for 10 min. 
Divalent ion concentration was 1 roM. NBYE, x--~--x; F Medium (Mg free), 
e e; MgS04' e-----e; CaC12, 0-----0; MnS04, x-----x. 
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DISCUSSION 
RNA bacteriophage 7s was shown by Feary, Fisher and Fisher to be 
a unique entity which deserved further characterization. A determina-
tion of nutritional requirements of the bacteriophage 7s infected 
Pseudomonas aeruginosa strain lC system was needed in order to under-
take future studies with this system. Therefore, as the topic of this 
thesis an investigation of divalent cation requirements was undertaken. 
Pseudomonas aeruginosa strain lC, used for the bacteriophage 
progeny studies, was grown in the absence of magnesium. Cells were 
grown in a magnesium free medium in order to eliminate interference by 
magnesium with ions added experimentally. Contrary to expected results, 
the lack of magnesium in the growth medium introduced uncontrolled 
variables. 
In this system magnesium starvation enhanced cellular autolysis. 
Eagon (12) showed that pseudomonas cell wails contained magnesium. 
Also, it was observed that pseudomonas magnesium starved cells develop 
blebs in the cell wall, which made the organism sensitive to lysis. 
Webb (32) showed that rod shaped bacteria required magnesium for cell 
division. In the absence of magnesium cells elongated without demon-
strating formation of a septum. Further effe~ts of magnesium starvation 
were shown by McCarthy to affect ribosome structure of E. coli. Ribosomes 
were degraded in magnesium starved cells; however, there was no apparent 
loss of viability. Perhaps cellular variables accounted for differences 
observed rather than effects due to cation requirements. 
Under the conditions used, magnesium enhanced progeny production 
in a range of 8xl0-4 M to 8xlO-2 M magnesium ion concentration (Table 
I, Fig. 2). Progeny were also produced in the presence of magnesium in 
30 
the One Step Growth Experiment (Fig. 6). The time factor of cation 
addition before phage 7s infection (Table III) had an insignificant 
effect on progeny production; 
Calcium was shown (Table I) to cause a slight enhancement of 
phage 7s production when propagation was carried out in magnesium 
deficient F media. The calcium-magnesium combination of cations en-
hanced phage 7s progeny production (Table II). This was the second 
indication that calcium may have been utilized for bacteriophage 7s in-
fection. 
The final evaluation of calcium enhancement of bacteriophage 7s 
production was shown by the One Step Growth Curve. The use of calcium 
for the infection of Pseudomonas aeruginosa occurred only if cells 
were grown in the presence of magnesium. 
Manganese did not enhance phage 7s production when cells were 
grown in the presence of magnesium, as shown by the One Step Growth 
Curve. These results were contrary to progeny production experiments, 
which were conducted in the presence of both magnesium and manganese. 
Since bacterial cultures were grown initially in the absence of magnesium, 
the question of a cell physiological effect is one possibility to ac-
count for ~he high bacteriophage titer (Table II). 
Results obtained from the manganese experiment, where a cell 
physiological effect was suggested, might be explained on the basis of 
the E. coli magnesium transport system. Silver and Clark (26) showed 
- -- , 
that manganese was a competitive inhibitor of the magnesium transport 
system of E. coli. When extracellular manganese concentration ranged 
from 2 to 5 mM, manganese was taken preferentially into the E. coli 
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cell. Intracellular magnesium was displaced by manganese, at which tim2 
magnesium was returned to the extracellular environment. Under such 
conditions manganese was shown to replace ribosomal magnesium. 
The use of low cell numbers for viral infection meant there was a 
low number of sensitive cells available for infection. This correction 
was made by allowing cells to grow for a longer interval before infection. 
Since it was difficult to achieve cell counts above 5x10S/ml under the 
conditions described it may have been.advisable to grow cells in a 
medium which was better suited for the needs of pseudomonads. 
Other defects of the system could be linked to the five minute 
absorption time. Five minutes for absorption was chosen as adequate so 
that there would be sufficient time t.o prepare dilutions as well as to 
plate bacteriophage in each cationic environment before the first burst 
occurred. A longer absorption period may have been more efficient, in 
terms of bacteriophage production. 
The preceding experiments showed that the RNA bacteriophage 7s 
required a divalent cation for infection. Either magnesium .or calcium 
could be utilized as long as the cells were grown in a medium contain-
ing magnesium. The actual role of magnesium and calcium in the infec-
tion process was not shown by these experiments. 
Pseudomonas aeruginosa sensitivity 'to bacteriophage 7s was 
demonstrated (3,1S) to be dependent on the presence of polar pili, the 
adsorption organelle. In addition, in the logarithmic growth phase of 
Pseudomonas aeruginosa 1 64% of the cells had polar pili, as shown by 
Weiss (29). Sixty percent of piliated cells had bipolar pili, 25% of 
the piliated cells had pili on the flagellated pole and only 15% had 
32 
pili on the nonflagellated pole. Weiss observed that many cells with 
bipolar pili contained a partial constriction whj.ch appeared to be the 
£ormation of a septum. This finding was interpreted as a correlation 
between pili formation and cell division, in which case each daughter 
cell contained polar pili. 
Weppleman (30) noted that 4 to 8% of Pseudomonas aeruginosa cells 
were infected by RNA bacteriophage PP7. The low yield of infected cells 
were not limited by phage concentration but by the concentration of 
phage susceptible cells. Weppleman found that sensiti~ity to phage in-
fection was related to the division cycle. When he infected a culture 
in logarithmic growth phase all of the sensitive cells had been in-
fected with bacteriophage within 2 min, therefore the remaining cells 
were resistant to infection. He found that at anyone time a small 
portion of resistant cells became sensitive to infection. Therefore, 
by in£ecting cultures ~ith bacteriophage 20 min out of a 25 min divi-
sion·cycle,the remaining uninfected cells had the same division cycle. 
This was shown as cells which remained uninfected went through several 
synchroneous divisions. Weppleman hypothesized that the" sensitivity to 
phage PP7 before the division cycle was probably due to newly formed 
pili. 
The low infectivity seen by Weppleman was demonstrated also in the 
present study with bacteriophage 7s (Fig. 6) • The maximum number of 
infected cells was approximately 0.12%, but a range of 0.15% to 3% in-
fectivity was observed in several experiments. 
The latent period of RNA bacteriophage 7s (Fig. 6) in F Media 
containing calcium was 30.min while in the presence of magnesium it was 
33 
40 min. When the 9ne Step Growth Curve wa.s conducted in NBYE the latent 
period was 30 min with a burst size bf 60 PFU. The burst size in F 
medium in the presence of magnesium was 20 while in the presence of 
calcium the burst size increased to 250 PFU. 
In conclusion, the da;a presented indicates that infection of 
Pseudomonas aetuginosa by bacteriophage 7s is most efficient when 
conducted in the presence of calcium. 
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